The effect of caloric restriction (CR) (40%) on the rates of mitochondrial H 2 O 2 production and oxygen consumption and oxidative damage to nuclear DNA (nDNA) and mitochondrial DNA (mtDNA) was studied for short-term (6-wk) and long-term (1-year) periods in the heart of young and old rats. Short-term CR did not change any of the parameters measured. However, long-term CR significantly decreased the rate of mitochondrial H 2 O 2 generation (by 45%) and significantly lowered oxidative damage to mtDNA (by 30%) without modifying damage to nDNA. The decrease in H 2 O 2 production occurred exclusively at the complex I free radical generator of the respiratory chain. The mechanism allowing that decrease was not a simple decrease in mitochondrial oxygen consumption. Instead, the mitochondria of caloric-restricted animals released fewer oxygen radicals per unit electron flow in the respiratory chain. This was due to a decrease in the degree of reduction of the complex I generator in caloric-restricted mitochondria. The results are consistent with the concept that CR decreases the aging rate at least in part by decreasing the rate of mitochondrial oxygen radical generation and then the rate of attack on mtDNA.
arious lines of evidence suggest that oxidants are causally involved in the aging process (1) and generally support the mitochondrial free radical theory of aging (2) . Among these data, the negative correlation between the rate of generation of reactive oxygen species (ROS) by mitochondria and the maximum life span of animals (reviewed in ref 3) stands as a main consistent finding. More recently, it has been observed that the steady-state level of oxidative damage to mitochondrial DNA (mtDNA) also negatively correlates with maximum longevity (4) . These observations suggest that the low rate of mitochondrial ROS generation of long-lived animals can be a main cause of their comparatively low level of mtDNA oxidative damage, which could contribute to their slow aging rates. Correlation, however, does not imply causality. To demonstrate such a relationship, experimental studies are needed.
Caloric restriction (CR) continues to be the only experimental manipulation that decreases the aging rate. The view that it works by decreasing oxidative stress with special emphasis on mitochondria is gaining support (reviewed in refs 5, 6) . Decreases in mitochondrial protein and lipid peroxidation (7) V and modification of membrane fluidity and lipid status of mitochondria (8, 9) have been described in caloric-restricted animals. However, the effect of CR on the rate of H 2 O 2 production of isolated mitochondria has been studied only once (10) , with mice tissues as the mitochondrial source. Furthermore, the design of this study did not allow identification of the site in the mitochondrial respiratory chain responsible for the decrease in ROS production observed and did not clarify the mechanism causing such a decrease. With regard to oxidative damage to DNA, there are few studies on the effect of CR on nuclear DNA (nDNA), and the majority have been conducted with liver, a non-postmitotic tissue (11) (12) (13) . Most important, only one report on the effect of CR on mtDNA oxidative damage is available (11) , again performed with liver, and CR has been never studied simultaneously with mitochondrial H 2 O 2 generation.
The present investigation was designed to find out whether CR lowers the rate of ROS production of intact functional rat heart mitochondria, to localize the site in the respiratory chain responsible for such change and to ascertain the mechanism causing it. Whether such a putative decrease is associated or not with decreases in oxidative damage to mtDNA and nDNA was also investigated. The influence of the time of restriction on these parameters was studied, both in the short term (6 wk of CR) in young immature animals and in the long term (1 year of CR) in old animals. The design of the study also allowed us to relate the effects of CR to those of aging from young mature adults to old animals.
MATERIALS AND METHODS

Animals and experimental design
Male Wistar rats were caged individually and maintained at 22 ± 2 o C, 12:12 L:D cycle, and 55 ± 10% relative humidity. They were fed a standard rodent diet (B&K, Humberside, UK). The rats maintained on CR had daily access to 60% of the intake of the ad libitum-fed companion control animals of the same age (40% energy restriction). The short-term dietary restriction experiment started when rats were 8 wk old and was continued during 6 wk until the animals were killed for biochemical analysis. At that time, two groups of animals 14 wk old were obtained: YC (young controls fed ad libitum) and YR (young animals under dietary restriction). The long-term dietary restriction experiment started when the rats were 12 months old and was continued for 1 year until they were killed. At that time, two groups of animals 24 months old were obtained: OC (old controls fed ad libitum) and OR (old rats under dietary restriction). An additional group of ad libitum-fed animals was maintained in parallel under the same conditions as the OC animals during the last months of the long-term dietary restriction experiment. These animals were 7 months old when they were killed, were classified as AC (adult controls), and were used for aging-related comparisons between AC and OC animals. Thus, three groups of animals were available in the long-term experiment: mature adult controls (AC), old controls (OC), and old restricted (OR). All the animals were killed at the laboratory by decapitation.
Mitochondrial H 2 O 2 production and oxygen consumption
After rats were decapitated, the hearts were processed to obtain and assay mitochondria from fresh tissues by the procedure of Mela and Seitz (14) with modifications. Briefly, dissected ventricles were chopped into small pieces and were homogenized with a loose-fitting pestle in 10 ml of isolation buffer (220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 10 mM Tris-HCl, pH 7.4) containing 5 mg of nagarse and 25 mg of fatty acid-free albumin. After the samples stood for 1 min, 25 ml of additional isolation buffer containing 25 mg of albumin was added, and gentle homogenization was performed again with a tighter fitting pestle. The nuclei and cell debris were removed by centrifugation at 700g for 10 min. Heart mitochondria were obtained by centrifuging the supernatant twice at 8000g for 10 min. The mitochondrial pellets were resuspended in 1 ml of isolation buffer. All the above procedures were performed at 5 o C. Mitochondrial protein was measured by the biuret method. The final mitochondrial suspensions were maintained on ice and were immediately used for the oxygen consumption and H 2 O 2 production measurements, which were completed in less than 2 h. The rate of mitochondrial H 2 O 2 production was assayed by measuring the increase in fluorescence (excitation at 312 nm, emission at 420 nm) caused by oxidation of homovanillic acid by H 2 O 2 in the presence of horseradish peroxidase (15, 16) . Reaction conditions were 0.25 mg of mitochondrial protein per ml, 6 U of horseradish peroxidase per ml, 0.1 mM homovanillic acid, 50 U of SOD per ml, and 2.5 mM pyruvate/2.5 mM malate or 5 mM succinate + 0.2 0URWHQRQHDVVXEVWUates, added at the end to start the reaction to the incubation buffer (145 mM KCl, 30 mM HEPES, 5 mM KH 2 PO 4 , 3 mM MgCl 2 , 0.1 mM EGTA, 0.1% albumin, pH 7.4) at 37 o C, with a total volume of 1.5 ml. All the assays with succinate as substrate were performed in the presence of rotenone in order to avoid the backward flow of electrons to complex I. In some experiments, rotenone (2 0RUDQWLP\FLQ$ 0ZHUHDOVRLQFOXGHGLQWKH reaction mixture to assay maximum rates of complex I or complex III H 2 O 2 generation. After 15 min of incubation, the reaction was stopped by transferring the samples to a cold bath and adding 0.5 ml of 0.1 M glycine-NaOH (pH 12) containing 25 mM EDTA (15) , and the fluorescence was read in a LS50B Perkin Elmer fluorometer (Buckinghamshire, UK). Known amounts of H 2 O 2 generated in parallel by glucose oxidase with glucose as substrate were used as standards. The oxygen consumption of heart mitochondria was measured at 37 o C with a computer-controlled Clark-type O 2 electrode (Oxygraph, Hansatech, Norfolk, UK) in the same incubation buffer used for H 2 O 2 measurements. The mitochondrial respiratory control index (state 3/state 4) with pyruvate/malate was 5.0 ± 0.2 in YC, 4.6 ± 0.3 in YR, 4.7 ± 0.3 in AC, 4.3 ± 0.2 in OC, and 4.6 ± 0.3 in OR animals. Mitochondrial H 2 O 2 production and oxygen consumption were measured in parallel in the same samples under the same experimental conditions. This allowed the calculation of the fraction of electrons out of sequence: those reducing O 2 to oxygen free radicals via the respiratory chain (the percent free radical leak) instead of reducing O 2 to water via cytochrome oxidase. Because two electrons are needed to reduce 1 mol of O 2 to H 2 O 2 whereas four electrons are transferred in the reduction of 1 mol of O 2 to water, the percent free radical leak was calculated as the rate of H 2 O 2 production divided by two times the rate of oxygen consumption, and the result was multiplied by 100.
Isolation and digestion of mtDNA and nDNA
The nDNA was isolated after homogenization, resuspension of nuclear pellets of heart samples, and sodium dodecyl sulfate treatment, by chloroform extraction and ethanol precipitation following the method of Loft and Poulsen (17) , except that the initial homogenization buffer contained 5 mM EDTA. The final 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) values obtained here using this method (about 0.5/10 5 deoxyguanosine residues [dG]) are among the lowest published using standard DNA extraction protocols, although still lower absolute values can be obtained by using the chaotropic NaI method. mtDNA, free of nDNA, was isolated by the method of Latorre et al. (18) adapted to mammals (4, 19) . All subsequent steps, i.e., enzymatic digestion and 8-oxodG and dG high-pressure liquid chromatography (HPLC) analysis, were identical for mtDNA and nDNA.
All aqueous solutions used for DNA isolation, digestion, and chromatographic separation were prepared in HPLC-grade water (Fisher Chemicals, Loughborough, UK). The isolated nDNA and mtDNA were digested to deoxynucleoside level by incubation at 37°C with 5 U of nuclease P1 (in O RI P0 VRGLXP DFHWDWH P0 =Q&O 2 , 15% glycerol, pH 4.8) for 30 min and 1 U of DONDOLQHSKRVSKDWDVHLQORI07ULV-HCl, pH 8.0) for 1 h (17).
8-oxodG and dG assays in nDNA and mtDNA
8-oxodG and dG were measured by HPLC with on line electrochemical and ultraviolet detection, respectively. For analysis, the nucleoside mixture was injected into a reverse-phase Beckman 8OWUDVSKHUH2'6FROXPQ)XOOHUWRQ&$PPP× 25 cm) and was eluted with a mobile phase containing 2.5% acetonitrile and 50 mM phosphate buffer, pH 5.0. The amount of deoxynucleosides injected was higher than the minimum amount needed to avoid potential artifacts caused by injection of small amounts of deoxynucleosides in the HPLC system (20) . A Waters 510 pump (Milford, MA) at 1 ml/min was used. 8-oxodG was detected with an ESA Coulochem II electrochemical coulometric detector (ESA, Bedford, MA) with a 5011 analytical cell run in the oxidative mode (E1 = 0 mV, E2 = 200 mV), and dG was detected with a Bio-Rad model 1806 UV detector (Hercules, CA) at 254 nm. For quantification, peak areas of dG standards and of threelevel-calibration pure 8-oxodG standards (Sigma, St. Louis, MO) were analyzed during each HPLC run. Comparison of areas of 8-oxodG standards injected with and without simultaneous injection of dG standards ensured that no oxidation of dG occurred during the HPLC run.
Statistical analyses
Comparisons between YC and YR, between AC and OC, and between OC and OR animals were statistically analyzed with Student's t test. The minimum level of statistical significance was set at P < 0.05 for all analyses.
RESULTS
Short-term (6 wk) CR did not change the rates of H 2 O 2 production of rat heart mitochondria with either complex I-linked (pyruvate/malate) or complex II-linked (succinate) substrate (Table 1) . Mitochondrial oxygen consumption in state 4 (resting) and state 3 (active) was not modified by short-term restriction with either pyruvate/malate or succinate (results not shown). Maximum complex I H 2 O 2 production (measured with pyruvate/malate plus rotenone) did not show significant differences between ad libitum-fed and short-term restricted animals ( Table 1 ). The same was true for maximum complex III H 2 O 2 production (measured with succinate + antimycin A; Table 1 ).
When CR was applied for a long-term (1-year) period, a different picture emerged. In this case, succinate-supported H 2 O 2 production continued to show a lack of difference between ad libitum-fed and restricted animals (Fig. 1B) . However, the pyruvate/malate-supplemented rates of mitochondrial H 2 O 2 generation were significantly lower (45%) in old restricted animals than in old controls (Fig.  1A) . No significant differences between young adult and old control animals were observed with any substrate (Fig. 1) . Similar to what happened for basal rates with succinate, maximum complex III H 2 O 2 production (with succinate + antimycin A) was not changed by long-term CR (Table 2) . However, whereas basal rates of H 2 O 2 generation with pyruvate/malate were decreased by longterm CR (Fig. 1A) , this did not happen in the case of maximum complex I H 2 O 2 generation (with pyruvate/malate + rotenone), which was similar in ad libitum-fed and restricted animals ( Table 2) . No significant differences in maximum complex I or complex III H 2 O 2 generation were found between young adult and old control animals ( Table 2) .
Long-term CR did not modify state 4 and state 3 mitochondrial oxygen consumption with either pyruvate/malate or succinate as the substrate (results not shown). Although the free radical leak did not differ between young adult and old ad libitum-fed animals with either substrate (Fig. 2) , it was significantly decreased (by 43%) by long-term restriction with pyruvate/malate as the substrate ( Fig.  2A) and did not change with succinate (Fig. 2B ).
Neither short-or long-term CR nor age modified steady-state levels of 8-oxodG in nDNA (Table 3 ). In the case of mtDNA, in agreement with the lack of changes in mitochondrial oxygen radical generation, 8-oxodG levels were not affected by short-term CR (Fig. 3A) . Similarly, the lack of differences in mtDNA 8-oxodG between young adult and old animals fed ad libitum (Fig. 3B) agreed with their similar rates of mitochondrial H 2 O 2 generation (Fig. 1) . However, the mtDNA 8-oxodG levels of long-term caloric-restricted old animals were significantly lower (by 30%) than those of old controls fed ad libitum (Fig. 3B) . This was again consistent with the decrease in pyruvate/malate-supplemented H 2 O 2 generation observed after long-term CR (Fig. 1A) .
DISCUSSION
This investigation showed that CR profoundly depresses the rate of H 2 O 2 generation of rat heart mitochondria and specifically lowers oxidative damage to the DNA of these organelles. Furthermore, the decrease in mitochondrial ROS production occurs at complex I, and it is not due to a diminution in mitochondrial oxygen consumption but to a lower degree of reduction of the complex I generator, which decreases its percent free radical leak.
As recently reviewed (3), previous studies of isolated heart mitochondria have described increases (10, 21, 22) or lack of change (23, 24) in mitochondrial H 2 O 2 generation during aging in rodents. Among the studies describing increases in old animals, one is based on data from a single animal and was measured with succinate plus antimycin A plus an uncoupler (21) , and the other two used succinate alone and come from the same laboratory (10, 24) . According to the mitochondrial free radical theory of aging, mitochondrial ROS production is a cause of aging. Because aging is progressive, occurring at essentially similar rate at all ages, causes of aging should not increase in old age. What should increase with age is the final consequence of those causes, such as the accumulation of mtDNA mutations with age (25) (26) (27) (28) (29) (30) (31) (32) . Mitochondrial H 2 O 2 production is higher in short-lived than in long-lived species (3), which is probably a cause of the higher rate of accumulation of mtDNA mutations in the former animals (25, 28, 33) . But in each species a rather constant rate of ROS production (high or low) is expected at different ages. In agreement with those theoretical expectations, as well as with previous work from two different laboratories using complex I-or complex II-linked substrates (23, 24) , the present investigation found no differences in mitochondrial H 2 O 2 generation between young adult and old rats.
With regard to 8-oxodG, in the case of nDNA, its levels are maintained essentially constant during the majority of the aging process (at young and intermediate ages), increasing only in very old animals (at 25, 27, or 30 months; refs 13, 22, 34) . This may be the reason why such increases were not detected in our animals, which were 24 months old. For mtDNA, there are only two contradictory studies, one describing increases with age in the human heart (35, 36) and another finding a lack of age-related changes in mouse heart (37) . The first of these studies reported enormously high (between 100 and 1500/10 5 dG) values (0.1-1.5% 8-oxodG/dG; refs 35,36), whereas the second study found 6/10 5 dG in young adults (37) , which is in the range of the values obtained in the present study (and another, ref 4) in which we also did not find age-related differences. In any case, the lack of differences in 8-oxodG in mtDNA between young adult and old animals agrees with their lack of differences in rates of mitochondrial H 2 O 2 generation.
A single previous study showed, as in our case, that the rate of mitochondrial H 2 O 2 production was lowered by CR (10) . Our study further clarifies that such a decrease does not simply avoid an increase in ROS generation with age (10), which would avoid only putative increases in the aging rate taking place at old ages. Instead, the CR-induced decrease in H 2 O 2 generation is more important because it lowers the rate of mitochondrial H 2 O 2 generation below that normally present in control animals of any age. This is consistent with the idea that it can be a cause of the slowing of the aging rate induced by CR at all ages. In agreement with the decrease observed in mitochondrial H 2 O 2 generation, 8-oxodG also decreased in mtDNA and did not change in nDNA. This result agrees with the localization of mtDNA (not of nDNA) very near the mitochondrial free radical source, although putative CR-induced changes in mitochondrial 8-oxodG repair could also be involved. The only previous study available (in a non-postmitotic organ, the liver; ref 11) also found a decrease in 8-oxodG in the mtDNA of caloric-restricted rats. With regard to oxidative damage of nDNA, a previous investigation described small decreases in brain, heart, and muscle and a lack of significant changes in liver and kidney after CR (13) , whereas other studies found CR-induced decreases in liver (11, 12) . Those studies reported values of oxidatively modified nucleosides equivalent to 6/10 5 dG in mouse heart (13), 2.1/10 5 dG in rat liver (11), and 32.8/10 5 thymines in liver (12) , which are much higher than the values obtained by us for nDNA (about 0.5/10 5 dG).
Localization of the site in the respiratory chain where ROS generation decreases in CR and the mechanism allowing it have never been investigated. It is known that heart mitochondria produce ROS at two respiratory chain complexes, complex I and complex III (3, (38) (39) (40) (41) (42) . In the only previous CR study available, that localization was not possible because only one substrate (succinate) was used, and it was added to mitochondria in the absence of rotenone. In such situation, electrons flow from succinate not only to complex III but also backward to complex I, which makes it impossible to discriminate which of the two complexes (complex I or complex III) is responsible for the CR effect. In our study, we used both succinate and pyruvate/malate as substrates. With succinate (+ rotenone), the electrons flow only through the complex III generator, whereas with pyruvate/malate they also flow through complex I. Because CR decreases H 2 O 2 production with pyruvate/malate but not with succinate (+ rotenone), the ROS generator site responsible for the CR-induced decrease must be situated at complex I. Similarly, previous investigations showed that H 2 O 2 generation of heart mitochondria with succinate as the substrate was lower in long-lived than in short-lived species, but this difference disappeared when the assays were performed with succinate + rotenone (41) . This meant that the difference in the rate of ROS production between the two kinds of animals occurred, similar to caloric-restricted rats, at complex I.
Some have favored a hypometabolic mechanism of action of CR (43, 44) , whereas others have shown that total body 24-h metabolic activity does not change in caloric-restricted rats (45) . Our results are consistent with the second of these interpretations at the level of mitochondria, because mitochondrial oxygen consumption was not modified by CR in either state 4 or state 3. What decreased was the percent release of ROS per total electron flow in the respiratory chain (the free radical leak). At least one mechanism allowing this was elucidated in the present report. With pyruvate/malate, complex I is only partially reduced. Addition of rotenone to pyruvate/malatesupplemented mitochondria caused 100% reduction of complex I. It is interesting that the difference in ROS production between caloric-restricted and ad libitum-fed animals disappeared after addition of rotenone to pyruvate/malate-supplemented mitochondria. This means that caloric-restricted mitochondria have lower ROS production and free radical leak because the degree of reduction of their complex I generator is lower than that in control mitochondria.
The experiments described in this investigation support the idea that the decrease in complex I ROS generation of heart mitochondria can be involved in the life extension effect of CR for two additional reasons. First, the decrease in ROS production seems to be time dependent, because it occurs after 1 year (starting at 12 months of age) but not after 6 wk of CR, although the different maturity of young and old animals could also have implications. Previous research has shown that the life extension effect of CR increases as a function of the time of restriction, and that CR does not need to be started during development because CR initiated at 12 months of age also extends the life span of the rat. Second, the quantitative variations in the different parameters studied indicate that a large proportion of the dose-response effect occurs at the different subsequent steps. Thus, a 40% CR led to a 45% decrease in the rate of mitochondrial H 2 O 2 generation and to a 30% decrease in oxidative damage to mtDNA. In agreement with these quantitative changes, 40% CR also decreased the aging rate (and increased maximum longevity) by 30-50% (4,5).
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This study was supported by a grant from the National Research Foundation of the Spanish Ministry of Health (FISss no. 99/1049). R. Gredilla received a predoctoral fellowship from the Culture Council of the Madrid Community. Effect of long-term caloric restriction (1 year) on the stimulated rates of H 2 O 2 production of rat heart mitochondria Pyr/mal+rotenone Succ+antimycin A Adult control 8.5 ± 1.1 (7) 74.4 ± 6.4 (7) Old control 8.9 ± 1.2 (6) 72.5 ± 7.6 (6)
Old restricted 7.4 ± 0.9 (7) 64.1 ± 7.8 (7) Adult animals were 7 months old and old animals (control and restricted) were 24 months old at the time of analysis. Results are means ± SE (numbers of animals shown in parentheses) and are expressed in nanomoles of H 2 O 2 /(min . mg protein). Pyr/mal = pyruvate/malate; succ = succinate. No significant differences due to age or longterm restriction were observed. Table 3 Effect of short-and long-term caloric restriction on the steady-state levels of oxidative damage (8-oxodG/10 5 dG) in rat heart nuclear DNA 8-oxodG/10 5 dG in nuclear DNA Young control 0.56 ± 0.07 (7) Young restricted 0.56 ± 0.05 (5) Adult control 0.61 ± 0.09 (6) Old control 0.49 ± 0.04 (6) Old restricted 0.54 ± 0.05 (6) Age of animals at time of analysis: young (14 weeks), adult (7 months), old (24 months). Results are means ± SE (numbers of animals shown in parentheses). No significant differences due to age or restriction were observed in any case. 3 . Effect of short-term (6-wk; A) and long-term (1-year; B) caloric restriction on steady-state levels of oxidative damage (8-oxodG/10 5 dG) in rat heart mtDNA. YC = young controls (14 wk of age); YR = young restricted (14 wk of age); AC = adult controls (7 months of age); OC = old controls (24 months of age); OR = old restricted (24 months of age). Results are means ± SE. The number of animals per group was six in YR and OC and seven in the other groups. * indicates a significant difference between OC and OR (P<0.02).
